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Abstract: Many low-luminosity active galactic nuclei (AGNs) contain a compact radio core which
can be observed with high angular resolution using very long baseline interferometry (VLBI).
Combining arcsec-scale structural information with milliarcsec-resolution VLBI imaging is a useful
way to characterise the objects and to find compact cores on parsec scales. VLBI imaging could also be
employed to look for dual AGNs when the sources show kpc-scale double symmetric structure with
flat or inverted radio spectra. We observed five such sources at redshifts 0.36 < z < 0.58 taken from an
optically selected sample of Type 2 quasars with the European VLBI Network (EVN) at 1.7 and 5 GHz.
Out of the five sources, only one (SDSS J1026–0042) shows a confidently detected compact VLBI core at
both frequencies. The other four sources are marginally detected at 1.7 GHz only, indicating resolved-out
radio structure and steep spectra. Using first-epoch data from the ongoing Karl G. Jansky Very Large
Array Sky Survey, we confirm that indeed all four of these sources have steep radio spectra on arcsec
scale, contrary to the inverted spectra reported earlier in the literature. However, the VLBI-detected
source, SDSS J1026−0042, has a flat integrated spectrum. Radio AGNs that show kpc-scale symmetric
structures with truly flat or inverted spectra could still be promising candidates of dual AGNs, to be
targeted with VLBI observations in the future.
Keywords: active galactic nuclei; quasars; radio continuum; radio spectrum; interferometry; imaging
1. Introduction
Despite decades of detailed investigation, the true nature of the low-luminosity active galactic nuclei
(LLAGNs, e.g., Seyferts and LINERs) is still under debate. More than 40% of galaxies in the local Universe
contain LLAGN [1]. Since they are much fainter (with bolometric luminosity Lbol < 1038 W and radio
power P1.4GHz < 1035 W Hz−1) than the radio-loud AGNs and typically lack prominent, extended jets, it
is more difficult to observe them. As with all AGNs, these sources are also powered by accretion onto a
supermassive black hole, but with a lower accretion rate. Thus they appear as “downscaled” AGNs (e.g.,
[2]). These sources show mostly low ionization state optical emission lines in their spectra [1], and have
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low accretion rates (< 10−2 − 10−3 times the Eddington rate [3]). LLAGNs also have radio emission that
seems originating from compact jets on parsec (pc) scales [3–5].
Using the technique of very long baseline interferometry (VLBI), we can directly observe compact pc
or even sub-pc scale radio emission. The baselines of the globally distributed radio telescope arrays, such
as the European VLBI Network (EVN), are up to a few thousand kilometers long, providing milliarcsec
(mas) or sub-mas resolution, depending on the observing frequency. Because of the high resolution, a VLBI
detection of a radio source at GHz frequencies typically implies high brightness temperatures (Tb > 106−7
K) that can be produced by the non-thermal (synchrotron) emission of AGNs [6,7]. A radio power
exceeding 1021 W Hz−1 in a source unresolved by the Karl G. Jansky Very Large Array (VLA) on arcsec
scales is already indicative of accretion-powered nuclear activity [7] or maybe circumnuclear starburst.
Detection of a compact core with VLBI in a high-luminosity source is a very strong AGN indicator.
In LLAGNs, compact radio emission with flat (i.e., with spectral index −0.5 ≤ α ≤ 0, where the
flux density is S ∝ να, and ν is the frequency) or inverted (α > 0) radio continuum spectrum can
indicate radio emission that is fueled by a synchrotron self-absorbed jet base coupled to an underluminous
accretion disk (e.g., [4]) or an accretion inflow onto the black hole [8]. When observed at high frequencies,
magnetized plasma in the accretion disc corona can also produce compact sub-pc scale optically thick
flat-spectrum radio emission ([9] and references therein). On the other hand, external free–free absorption
of non-thermal radio emission can cause flat spectrum by flattening the steep-spectrum (α < −0.5) external
emission [10,11], although it would have brightness temperature Tb ∼ 104 K [12]. There is a phenomenon
analogous to coronal mass ejections in active stars that could also occur in AGNs, in the form of outflowing
blobs of highly magnetized plasma [13]. However, similar to jet activity, it produces extended optically
thin emission with steep radio spectrum. At highly subluminal speeds, the magnetized corona could be
considered as the base for jet launching ([9] and references therein).
The combination of radio interferometric measurements with the VLA and VLBI is an effective
tool to identify compact cores in LLAGNs (see [3,5] and references therein). At GHz frequencies,
obscuration effects are minimal compared to the infrared or ultra-violet regimes, and sensitive
high-resolution radio maps of a source can be produced with typically less than 1–2 h of
observation. The arcsec-scale multi-frequency VLA imaging can provide essential spectral and structural
information [14,15], which can help selecting targets for follow-up VLBI observations of the mas-scale
radio structure. With this much finer angular resolution, the extended radio emission from the host
galaxy is resolved out in general, thus only the compact emission from the AGN remains to be detected.
AGN cores typically have flat radio spectra, as opposed to extended jet or hot spot features. Therefore,
arcsec-scale radio imaging is a useful tool to identify candidate multiple AGN systems. Sources with
multiple flat-spectrum features can then be targeted with VLBI observations that provide mas-scale
resolution. A compact, high brightness temperature (Tb > 106 K) component that can only be revealed
with VLBI is a clear indication of AGN core emission ([16,17] and references therein).
This method could offer an excellent means for finding multiple AGNs with kpc separation.
Dual AGNs are expected at stages of galaxy evolution driven by mergers throughout the history of
the Universe. While their observational identification is challenging, their study is important in many
areas of current cosmology and multi-messenger astrophysics (see [16,17] and references therein). VLBI
observations of a large sample of arcsec-scale double radio AGNs with flat/inverted overall spectra would
provide an opportunity to estimate the prevalence of dual radio-emitting AGNs in an unbiased way.
Synchrotron self-absorbed jets, and emission from a magnetically-heated corona in an accretion disc can
show flat/inverted spectrum [18,19]. In either case, the compact double structure would indicate dual
AGN activity since the detection of mas-scale emission at GHz frequencies is directly related to AGN
activity in sources above redshift z ≈ 0.1 [17]. As compact cores are relatively common in LLAGNs, they
are good candidates for finding dual AGNs. This would provide an efficient selection method that can
Symmetry 2020, xx, 1 3 of 14
be applied for future sub-arcsec resolution interferometer surveys, such as the ones using the SKA [20].
Securely confirming dual AGN candidates is not a trivial task that can solely rely on radio measurements.
It often benefits from observations at multiple wavebands, from optical to X-rays, using both spatially
resolved spectroscopic and imaging techniques [17,21].
In this paper, we report on the observations of five LLAGNs with the EVN at two frequencies, 1.7
and 5 GHz. Section 2 presents the sample and its selection. Section 3 gives details about the radio
interferometric observations. The data analysis and the result are described in Section 4, and our findings
are discussed in Section 5. We conclude the paper in Section 6. Throughout this study, we adopt a standard
flat Λ Cold Dark Matter cosmology with Ωm = 0.3, ΩΛ = 0.7, and H0 = 70 km s−1 Mpc−1 for calculating
luminosities and projected linear sizes [22].
2. Sample Selection and Observing Goals
We selected five sources for mas-resolution follow-up VLBI observations from the sample of [11]. Our target
sources are listed in Table 1. These were previously observed in the radio at 8.4 GHz with the VLA in its B
configuration [11], providing typical angular resolution of about 1 arcsec or somewhat below. Originally,
the sources were taken from the optically selected sample of Zakamska et al. [23], which was the first
comprehensive survey for studying the optical properties of Type 2 quasars (i.e., quasars where the accretion
disk is seen nearly “edge-on”, and the disk and the broad-line region are obscured by the surrounding torus of
dense gas and dust) in detail using SDSS data. Each of the five sources we selected (Table 1) showed symmetric
double radio structure on arcsec angular scales in the 8.4-GHz VLA images, and their overall radio spectra
were reported to be inverted [11]. Two of our targets, J0741+3020 and J0956+5735, were included in the
sample of Bellocchi et al. [24], who looked for ionized gas outflows in obscured quasars. According to their
optical spectroscopic observations, outflows are detected in both objects. J0741+3020 is associated with a giant
(> 100 kpc) ionized nebula, while in the case of J0956+5735, the compact [OIII] profile suggests a spatially
unresolved outflow [24]. The host galaxies of three of these AGNs are morphologically classified from SDSS or
Hubble Space Telescope images as bulge-dominated elliptical/S0 galaxies (Table 1), with J0741+3020 as an ULIRG
elliptical in a multiple system [24,25]. J1447+0211 is difficult to classify as it appears highly disturbed due to a
recent galaxy interaction [26]. It shows optical features such as tidal tails, bridge, and even double nuclei with
1.5 kpc separation. For the host galaxy of J1026−0042, no classification is found in the literature.
Table 1. Name, J2000 optical equatorial coordinates, redshift, VLA 8.4-GHz radio flux density, 1.4–8.4 GHz
spectral index, and optical magnitude of the five sources selected from Lal & Ho [11]. The coordinates are
taken from the SDSS Data Release 15 [27] and, for SDSS J1026−0042, the Gaia Data Release 2 [28,29]. The SDSS
r-band magnitudes are adopted from Zakamska et al. [23]. The morphological types of the visually classified
host galaxies are obtained form the works in [24–26]. HD means highly disturbed from galaxy interaction.
ID Right Ascension Declination z S8.4GHz α8.41.4
r Host
h min s ◦ ′ ′′ mJy mag Galaxy
SDSS J0741+3020 07 41 30.513 +30 20 05.186 0.476 2.97 +0.56 21.06 ULIRG
SDSS J0956+5735 09 56 29.058 +57 35 08.775 0.361 2.88 +0.72 20.18 E/S0
SDSS J1014+0244 10 14 03.524 +02 44 16.521 0.573 4.53 +0.45 21.51 E/S0
SDSS J1026−0042 10 26 40.437 −00 42 06.484 0.364 3.68 +0.38 19.73 ...
SDSS J1447+0211 14 47 11.292 +02 11 36.234 0.386 2.76 +0.85 20.35 HD
Our sources selected for VLBI observations (Table 1) fall in the radio-intermediate regime, between the
radio-quiet and radio-loud AGNs. Interestingly, most of the sources in the 8.4-GHz VLA sample [11] with
flat or inverted spectra are radio-intermediate objects, and some of them show extended symmetric double
structure on arcsec scale. A flat/inverted spectrum may indicate free–free absorption by ionized gas in
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the narrow-line region. This finding was rather unusual, which prompted us to probe the structure of
our sub-sample of “best established” symmetric sources (Table 1) on mas scales with VLBI observations.
Finding a mas-scale compact radio core with deep VLBI imaging could in principle pin down the location
of the AGN, which has been found offset from the optical position in a number of cases (e.g., [8]), while
the extended radio emission should be completely resolved out (undetected) on the long interferometer
baselines. Although an unlikely scenario for the given sample, one could even find instead two compact
VLBI cores corresponding to dual AGN activity, given the symmetric flat/inverted components seen
on VLA scales. In this case, the arcsec-scale symmetric double radio structure could be explained by
simultaneous activity in both AGNs.
3. Observational Data
3.1. EVN observations
We observed the five selected targets (Table 1) with the EVN at 1.7 and 5 GHz, to attempt the detection
of mas-scale compact radio components in these LLAGNs. The observations were carried out on 5
June 2015 (5 GHz) and 15 June 2015 (1.7 GHz) under the project code EP093. The total bandwidth of
128 MHz was divided into eight intermediate frequency channels (IFs) containing thirty-two 500-kHz wide
spectral channels each, in both left and right circular polarizations. The following 13 radio observatories
participated in the experiments: Jodrell Bank Mk2 25-m (Great Britain), Westerbork 25-m (The Netherlands),
Effelsberg 100-m (Germany), Medicina 32-m, Noto 32-m (Italy), Onsala 25-m (Sweden), Sheshan 25-m
(China), Torun´ 32-m (Poland), Yebes 40-m (Spain), Svetloe 32-m, Zelenchuckskaya 32-m, Badary 32-m
(Russia), and Hartebeesthoek 26-m (South Africa). The data were recorded at 1024 Mbit s−1 rate and
correlated at JIVE. We applied the technique of phase referencing [30] and subsequently pointed the
radio telescopes to a nearby bright compact calibrator source and the given target, in a repeated 5-min
cycle. Within each cycle, ∼ 3.5 min was spent on the weak target source. The delay, rate, and phase
solutions derived for the phase-reference calibrators (J0741+3112, J0956+5753, J1015+0109, J1024−0052,
and J1440+0157) could later be interpolated and applied to the corresponding target source data, to allow for
longer coherent integration and thus an improved sensitivity for the weaker LLAGNs. The calibrator–target
separations were 0.87◦, 0.31◦, 1.65◦, 0.57◦, and 1.57◦, respectively. The total on-source integration time for
each target was ∼80 min.
3.2. VLA Sky Survey Data
We obtained the raw 8.4-GHz VLA data analyzed by Lal & Ho [11] from the NRAO Archive (http:
//archive.nrao.edu/) (project code AV288) and calibrated them in a standard way using the NRAO AIPS
software (http://www.aips.nrao.edu/index.shtml), but failed to reproduce the images of our five target sources.
To obtain independent information on the overall radio spectrum of the sources, we then turned to the publicly
available preliminary radio images from the ongoing VLASS [15] at 2.7 GHz and compared the obtained flux
densities to the 1.4-GHz values in the FIRST survey catalogue [31]. The VLASS supersedes previous VLA
radio sky surveys at GHz frequencies such as the NVSS [32] in terms of angular resolution and sensitivity.
In 2019, the first phase of the survey was completed with covering the entire sky north of−40◦ declination at the
2− 4 GHz frequency range in total intensity (Stokes I). The angular resolution is 2.5′′ and the imaging sensitivity
is σ ∼ 120 µJy beam−1 at the first survey epoch. Later, with the planned three epochs combined, the sensitivity
should reach∼70 µJy beam−1. All our target sources fall into the VLASS coverage area. Quick Look images
with 1◦ × 1◦ field size are available in the VLASS archive (https://archive-new.nrao.edu/vlass/). Five tiles
(T18t11, T25t08, T11t16, T10t16, and T11t23) were selected based on the celestial coordinates, corresponding
to our targets in the order of their appearance in Table 1. The Quick Look images are capable of revealing
Symmetry 2020, xx, 1 5 of 14
arcsec-scale morphological features of radio galaxies like radio cores and jets [33]; however, they may suffer
from deconvolution issues due to the extremely short integrations and resultant (u, v) coverage.
4. Data Analysis and Results
4.1. EVNData
The raw correlated VLBI visibility data that are now in public domain and can be obtained from the
EVN Data Archive (https://old.jive.nl/archive-info?experiment=EP093A_150605 and https://old.jive.nl/
archive-info?experiment=EP093B_150615) were loaded into AIPS for initial calibration. We followed standard
procedures [34]. At the beginning, the data affected by known problems with antenna pointing and radio
frequency interference were flagged. The visibility amplitudes were calibrated using antenna gains and system
temperatures measured at the telescope sites. We used nominal system temperature values where measurements
were unavailable. We corrected for the dispersive ionospheric delay using total electron content maps derived
from global navigation satellite systems data, and also applied parallactic angle corrections. Using a 1-min scan
on the strong fringe-finder source 0528+134, we performed an initial correction of instrumental phases and
delays. We then performed fringe-fitting for all the five phase-reference calibrator sources and the fringe-finders
(0528+134, 3C 138, and 4C 39.25) scheduled in the experiments. These calibrated visibility data were exported to
the Difmap package [35] for hybrid mapping. This involved iterations of the CLEAN algorithm and phase-only
self calibration, and finally phase and amplitude self-calibration. We used the brightness distribution models
obtained for the calibrator and fringe-finder sources to derive overall antenna gain correction factors (up to 6%
in case of some antennas). These were applied in AIPS to the target source data as well, to refine the initial
amplitude calibration. As the next step, we repeated fringe-fitting for the five phase-reference calibrators in AIPS.
This time the CLEAN component models of their brightness distributions were used as an input, to account for
any residual phases due to their mas-scale structure. The solutions were interpolated and applied to the data of
the respective target sources.
The calibrated and phase-referenced visibility data of the targets (J0741+3020, J0956+5735, J1014+0244,
J1026−0042, and J1447+0211) were transferred from AIPS to Difmap for imaging. We applied natural
weighting with the visibility errors raised to the power −1 (uvweight 0,-1 command in Difmap) in order
to minimize the image noise. At both observing frequencies, 1.7 and 5 GHz, the dirty images of all target
sources but J1026−0042 showed peaks with signal-to-noise ratios below 7, as seen in a rectangular field of
view of 512 mas × 512 mas centered on the brightest pixel. Therefore, we regard J0741+3020, J0956+5735,
J1014+0244, and J1447+0211 as non-detections with the EVN. For J1026−0042, the calibrated visibility data
were fitted directly with a circular Gaussian brightness distribution model in Difmap [35]. The images of
J1026−0042 at both frequencies are displayed in Figure 1.
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Figure 1. VLBI images of SDSS J1026−0042 at 1.7 GHz (left) and 5 GHz (right). The red cross marks the Gaia DR2
optical position [28,29], the blue cross indicates the EVN 5 GHz position (see Section 5.1). The peak brightness
values are 1.01 mJy beam−1 at 1.7 GHz, and 0.20 mJy beam−1 at 5 GHz. The contour levels are drawn at 3 σ ×
(−1, 1, 2, 4), where the 3 σ image noise is 165 µJy beam−1 and 65 µJy beam−1 at 1.7 and 5 GHz, respectively.
The size of the elliptical Gaussian restoring beam (HPBW) is shown as an ellipse in the lower-left corner of the
images. The HPBW is 6.5 mas × 4.5 mas with a major axis position angle PA = 74.3◦ (measured from north
through east) at 1.7 GHz, and 1.83 mas× 1.67 mas with PA = 29.2◦ at 5 GHz.
At 1.7 GHz, looking at the EVN dirty images of a larger (4.096′′ × 4.096′′) field of view, the remaining four
sources (J0741+3020, J0956+5735, J1014+0244, and J1447+0211) have an SNR slightly above 7. Here, we also
used natural weighting with the visibility errors raised to the power−1, except for J0741+3020 and J1447+0211,
where the power of −2 was applied in Difmap. Therefore, these LLAGNs are marginally detected with the
EVN at 1.7 GHz only, but the strong side lobe patterns in the dirty images prevent us from locating the source
with high confidence, and brightness distribution models cannot be reliably fitted to the visibility data of these
weak VLBI sources. This is typical for extended sources when only the shortest interferometer baselines detect
the emission. We tentatively assume that the brightness peak of the dirty image coincides with the AGN core.
4.2. VLA Data
To determine the VLASS flux densities, we loaded the Quick Look images covering our target sources into
AIPS. We used the task JMFIT to fit a circular Gaussian to the image data at the given positions (see Table 1).
The typical brightness uncertainty of the VLASS images is≈ 15% [36]. We adopted this as the error of the fitted
2.7-GHz flux density values that are given in Table 2, along with the fitted 1.7- and 5-GHz EVN flux densities
in the case of J1026−0042. For the remaining four LLAGNs considered to be marginally detected at 1.7 GHz
and not detected at 5 GHz with the EVN, at the latter frequency, we give flux density upper limits for any
compact radio source of the restoring beam size of about 1.5 mas× 2.5 mas, based on the 7 σ image noise level.
At 1.7 GHz, we can obtain a flux density estimate of the radio emission that is mostly resolved out by the EVN,
by means of fitting a circular Gaussian model at the brightness peak location in the extended-field dirty maps.
These models should be treated with caution and considered as tentative only. However, as we show below,
the flux density values determined this way are consistent with the VLA data measured at close-by frequencies.
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Table 2. Flux densities with their associated uncertainties and the derived α2.71.4 spectral indices of the target sources.
ID S1.4GHz S1.7GHz S2.7GHz S5GHz S8.4GHz α2.71.4mJy mJy mJy mJy mJy
SDSS J0741+3020 1.12± 0.16 0.28± 0.03 0.79± 0.12 <0.08 2.97± 0.01 −0.53± 0.04
SDSS J0956+5735 0.88± 0.15 0.71± 0.07 0.47± 0.07 <0.08 2.88± 0.01 −0.95± 0.03
SDSS J1014+0244 2.02± 0.13 1.70± 0.17 1.20± 0.18 <0.11 4.53± 0.02 −0.80± 0.07
SDSS J1026−0042 1.85± 0.15 1.24± 0.12 1.63± 0.24 0.20± 0.02 3.68± 0.02 −0.20± 0.09
SDSS J1447+0211 0.76± 0.15 0.23± 0.02 0.55± 0.08 <0.08 2.76± 0.01 −0.49± 0.08
Notes: Column 2, VLA [11,31]; Column 3, EVN (this paper); Column 4, VLA [15]; Column 5, EVN (this paper); Column 6,
VLA [11]; Column 7, two-point spectral index calculated from the arcsec-scale VLA (1.4-GHz FIRST and 2.7-GHz VLASS)
measurements [15,31]
5. Discussion
5.1. VLBI Structure of the Target Sources
From the five targeted LLAGN sources, only SDSS J1026−0042 was firmly detected with the EVN. One
source component was found at both observing frequencies, 1.7 and 5 GHz. The VLBI positions (the coordinates
corresponding to the origin of the maps in Figure 1) agree with each other within the uncertainty of about 1 mas.
At both frequencies, the component is seen as a compact source. We calculated the minimum resolvable angular
size with the interferometer using Equation (2) of [37]. The single detected component in SDSS J1026−0042 is
resolved at both frequencies as the fitted circular Gaussian diameters, 0.79± 0.06 mas and 0.065± 0.007 mas
(FWHM) at 1.7 and 5 GHz, respectively, are larger than the minimum resolvable sizes. The size uncertainties
were calculated following Fomalont [38]. Using the AIPS task MAXFIT, the peak position of the 5-GHz image is
at right ascension αEVN = 10h26m40.4381s and declination δEVN = −00◦42′06.496′′. In comparison, the most
accurate optical position taken from the Gaia Data Release 2 [28,29] database (https://gea.esac.esa.int/archive/)
is αGaia = 10h26m40.4371s ± 0.0003s, δGaia = −00◦42′06.4843′′ ± 0.0081′′. There is a radio–optical positional
difference of∼ 15 mas in right ascension and∼ 10 mas in declination (Figure 1). Given that the EVN positions
are accurate to within 1 mas, and for the optical position the uncertainties are ∆α ≈ 5 mas and ∆δ ≈ 8 mas,
the difference is significant. At z = 0.364, this corresponds to (∼90± 40) pc projected linear distance between
the Gaia optical and the VLBI radio position. According to Plavin et al. [39], at least 20–50 pc projected difference
between the VLBI and Gaia positions is quite common in bright AGNs. They also found that in 80% of Seyfert
2 galaxies, the associated Gaia position related to the jet is located farther away from the nucleus than the
VLBI core. This offset could be explained by the presence of a bright extended optical jet which shifts the Gaia
centroid [40,41]. While this interpretation might seem appealing in view of the extended lobe structure reported
by Lal & Ho [11], in our VLBI data, we do not find any supporting evidence for large scale-jets, which makes
this interpretation less likely.
Based on our EVN measurements, we derived the observed brightness temperatures of SDSS J1026−0042
at both frequencies using Equation (1) [42]. Here, z is the redshift, Sν is the flux density (measured in Jy) at ν
frequency (GHz), and θ is the FWHM of the fitted circular Gaussian model component (mas).
Tb,obs = 1.22× 1012(1+ z) Sνθ2ν2 [K] (1)
The derived values are Tb,obs = (1.15± 0.22)× 109 K at 1.7 GHz, and Tb,obs = (3.01± 0.74)× 109 K at
5 GHz. The values Tb,obs > 106 K indicate non-thermal emission originating from AGN (e.g., [7]). We also
derived the K-corrected monochromatic radio power values for the compact VLBI-detected components of
SDSS J1026−0042: P1.7GHz = (7.08± 0.48)× 1023 W Hz−1 and P5GHz = (1.10± 0.13)× 1023 W Hz−1. For this
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calculation, we used Equation (2), where DL is the luminosity distance and α = −1.73 is the spectral index
between 1.7 and 5 GHz derived from our VLBI model component flux densities (Table 2).
Pν = 4piD2LSν(1+ z)
−1−α (2)
With these values at hand, we can assess whether the radio emission could originate from supernova
remnants in the host galaxy [7]. The supernova rate corresponding to our radio powers (νSN = 149 and
52 yr−1 at 1.7 and 5 GHz, respectively) exceeds the rates of the most powerful starburst galaxies (e.g., [43,44]).
An individual supernova remnant is also ruled out, and complexes of supernova remnants do not concentrate
at mas scales. A recent study investigating radio-quiet AGNs at z < 0.8, with 4× 1021 < P1.4GHz < 7× 1024 W
Hz−1, and Lbol < 1038 W [45] concluded that the radio emission originating from these sources is dominated by
AGN activity and not the host galaxy. Similar results were found by Herrera Ruiz et al. [6] and Maini et al. [46].
5.2. The Marginally Detected Sources
As mentioned in Section 4, we marginally detected four target sources in the 1.7-GHz EVN dirty images.
This suggests the presence of some extended radio emission that is, however, completely resolved out on the
long baselines. On the other hand, these sources remained undetected at 5 GHz.
We tentatively locate them at the respective brightness peaks of the phase-referenced EVN dirty maps.
These coordinates are given in Table 3, along with a radio–optical angular separation based on the optical
coordinates in SDSS DR15 [27,47] (see Table 1). Unfortunately, unlike for SDSS J1026−0042, there are no
accurate Gaia optical positions available for these LLAGNs. The SDSS positions are known to be accurate to
∼60 mas (1 σ) in both right ascension and declination [48], but Skipper & Browne [49] found an excess of nearby
(z < 0.2) extragalactic sources with SDSS–radio positional separations larger than ∼150 mas, which may be
caused by various effects. Therefore, our tentative radio positions seem to be consistent with the optical ones
within the rather large uncertainties. More sensitive VLBI observations, possibly involving baselines providing
intermediate (∼100-mas) angular resolution would be needed for reliable detection and imaging of these four
sources, and for determining their accurate radio positions.
Table 3. Tentative VLBI positions of the sources marginally detected with the EVN at 1.7 GHz, and the
radio–optical positional offsets.
ID Right Ascension Declination ∆radio−opt
h min s ◦ ′ ′′ mas
SDSS J0741+3020 07 41 30.518 +30 20 05.245 98
SDSS J0956+5735 09 56 29.046 +57 35 08.751 186
SDSS J1014+0244 10 14 03.513 +02 44 16.265 310
SDSS J1447+0211 14 47 11.283 +02 11 36.389 203
5.3. Our Target Sources in the VLASS
The VLASS data that became available recently [15] allowed us to estimate the radio spectral indices of
the target sources, independently of Lal & Ho [11]. Four of the five sources have been clearly detected with
the VLASS at the first epoch (Table 2). In the case of SDSS J0956+5735, there appears a∼4 σ peak coinciding
with the optical position, suggesting the presence of a radio source. In the future, in the completed VLASS with
three epochs combined, this source should also become securely detected. Apart from the poorer sensitivity,
the angular resolution of the 2.7-GHz VLASS images is about three times lower than that of the 8.4-GHz VLA
images presented by Lal & Ho [11], making the direct comparison of the arcsec-scale source structures difficult.
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Nonetheless, the VLASS images indicate single components and not symmetric double structures, which they
might not be able to resolve.
5.4. Revised Radio Spectral Indices
Based on the newly-obtained flux density data, we reexamined the radio continuum spectral properties of
the target LLAGN sources. Figure 2 shows their radio spectra between 1.4 and 8.4 GHz. For recalculating the
spectral indices, we used the FIRST 1.4-GHz [31] and the VLASS 2.7-GHz flux densities (Table 2), both based
on VLA measurements. The resulting α2.71.4 values are given in Table 2 and Figure 2. We excluded from the
spectral fit the 8.4-GHz VLA values reported by Lal & Ho [11] since those appear in most cases an order of
magnitude higher than expected from the trend based on lower-frequency data. We did not include the VLBI
flux density values either, because the EVN provides about three orders of magnitude higher resolution than
the VLA, thus probing radio emission on a much smaller spatial scale, detecting mas-scale compact emission
only. Moreover, four out of five sources are undetected at 5 GHz with the EVN, leading to flux density upper
limit estimates only.
Figure 2. The continuum radio spectra of the sources between 1.4 and 5 GHz with flux density values and their
associated uncertainties taken from Table 2 (black dots). For sources undetected with the EVN, flux density
values at 5 GHz are shown as upper limits indicated by arrows. For SDSS J1026−0042 detected with the EVN,
among the other 1.7 GHz VLBI flux densities, the values should in fact be considered as lower limits since any
extended emission is resolved out on the long baselines. The green lines represent power-law spectra calculated
from two VLA data points, FIRST at 1.4 GHz and VLASS at 2.7-GHz. The corresponding α2.71.4 spectral index
values are displayed in the top left corner of the panels. For comparison, the 8.4-GHz VLA flux densities taken
from Lal & Ho [11] are also indicated with red symbols. In all cases, these are much higher than expected from
the extrapolation of 1.4- and 2.7-GHz VLA values, indicating an issue with the values derived in [11].
Considering our α2.71.4 spectral index values derived from VLA data (Table 2), the only source that has a flat
radio spectrum is SDSS J1026−0042 (α2.71.4 = −0.20). All others can be classified as steep-spectrum sources with
spectral index below≈ −0.5. Notably, this finding is perfectly consistent with the fact that the only flat-spectrum
source, SDSS J1026−0042, shows a compact VLBI component, while the steep-spectrum ones are all almost
completely resolved out with the EVN. However, the α8.41.4 spectral indices (Table 1) determined by Lal & Ho [11]
are markedly different, with opposite sign, all indicating inverted spectra (α8.41.4 > 0.38). Higher flux densities at
8.4 GHz, as seen in Figure 2, could in principle be caused by extreme variability, because the measurements at
different frequencies were not made simultaneously. However, it is remarkable that all five sources show highly
elevated flux densities at 8.4 GHz, rendering the variability explanation very unlikely, even though selection at
higher frequencies such as 8.4 GHz would be biased to flat-spectrum, more variable sources.
Interestingly, among the lowest-power radio sources in the whole Type 2 quasar sample where our sources
were selected from [11], the vast majority appear to have inverted spectra (see their Figure 6). This is even more
puzzling in comparison with similar radio studies of Type 2 quasars [50,51] where these objects tend to have
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steep (α < −0.5) spectrum. The steep spectra indicate extended radio emission, explaining why we could not
detect compact cores in four LLAGNs.
The compact VLBI component found in SDSS J1026−0042 appears to have a steep spectrum (α51.7 = −1.73).
While this would not be unprecedented since steep-spectrum and even ultra-steep-spectrum (α < −1) radio
cores are often found in LLAGNs (e.g., [14,52–54]), we should treat this result with caution. The reason for the
ill-determined core spectrum could be that the source is very weak, and model fitting to the EVN visibility data
could be affected by phase-reference losses (e.g., [55]), especially at the higher frequency. This may have led to
the underestimation of the flux density at 5 GHz, and consequently the core spectral index.
6. Conclusions
In this paper, we present 1.7- and 5-GHz EVN observations of five LLAGNs selected by their spectral
(inverted-spectrum) and morphological (double-lobed symmetric) properties from [11]. Out of the five sources,
only one (SDSS J1026−0042) was firmly detected with the EVN at both frequencies. It has a compact mas-scale
VLBI core. The compact radio emission is a result of AGN activity. The other four sources (J0741+3020,
J0956+5735, J1014+0244, and J1447+0211) are marginally detected at 1.7 GHz but not detected at 5 GHz with
the EVN. It is consistent with dominantly extended, steep-spectrum radio emission in these objects.
With the help of VLASS data, we revised the radio spectral index for our five target sources. We found that
they have flat or steep spectra between 1.4 and 2.7 GHz, contrary to the inverted spectra reported earlier [11].
The revised overall spectral properties are consistent with the outcome of the EVN observations, as the only
flat-spectrum source (SDSS J1026−0042) contains a compact VLBI core. Based on our results, we suspect that
spectral indices for at least some other inverted-spectrum LLAGNs found by Lal & Ho [11] may need to be
revised. This could be done using new survey data becoming available such as those from the VLASS.
Because of the dubious sample selection, the applicability of our proposed method to find kpc-scale dual
AGNs by targeting truly inverted-spectrum arcsec-scale symmetric double extragalactic radio sources with
high-resolution VLBI imaging observations remains to be proven.
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JIVE Joint Institute for VLBI European Research Infrastructure Consortium
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NRAO U.S. National Radio Astronomy Observatory
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